Abstrac+-In the literature, co-ordination of Static Var Compensator (SVC) and Power System Stabilizer (PSS) using generator speed deviation or modal speeds as stabilizing signals is shown to damp the system oscillations. Though such schemes are able to damp the SSR modes for small disturbances, they are unable to damp transient SSR due to large disturbances. Here in this report improvement in the control aspect of the SVC at the midpoint of the transmission line is suggested. This scheme attempts different auxiliary signals that include Line Current, Computed Internal Frequency, Bus Angle deviations. A system of configuration similar to IEEE First Bench Mark model is considered, eigen value analysis has been carried out, and results indicate that Bus Angle deviation signal as auxiliary control signal for SVC was able to damp most of the modes leaving some of them still oscillatory. The main feature of the proposed work is to use combination of deviation in speed and electrical power output of the generator as input signals to PSS which operates simultaneously along with SVC. Such simultaneous PSS and SVC scheme is found to improve the damping under large disturbances i.e. the growth of system oscillations is arrested. The simulations are carried out on PSCAD. The efficacy of controllers to damp SSR under steady state and faulted conditions where one of the torsional modes gets excited is presented and discussed.
I. INTRODUCTION

Subsynchronous
Resonance is a Power System phenomenon where the electric power system exchanges its energy with turbines at one or more frequencies below the synchronous frequency, when the electric network is compensated with series capacitors. The problem of torsional interaction has been [ 1, 2, 3] identified to take place when the electric resonant frequency is near the complement of one of the torsional mode frequencies of the turbine-generator shaft system. In addition to torsional modes the inertial mode is also excited as a result of disturbances.
In recent years, great deal of attention has been focused on mitigating SSR with the use of Static Var Compensators (SVC) , which were previously used only for voltage regulation purposes and for damping the inertial mode of oscillations [4, 5] . In [6] two new methods to damp SSR by V. Krishna IEEE, Student Member, Dept. of ECE Illinois Institute of Technology, Chicago. self excitation have been proposed using composite speed signals and torsional monitoring devices. It was concluded that the control strategies are unable to damp other modes of oscillations. In [71, a new simple concept was introduced where generator speed deviation was used as auxiliary stabilizing signal for SVC, in addition to voltage control action. It was shown later in [SI that the generator speed signal as auxiliary stabilizing signal will actually undamp the torsional modes when the system is subjected 'to large disturbances.
In [9] . SVC has been used at , the midpoint of the transmission line for damping SSR and for the improvement in the power transfer capability. A few stabilizing signals have been shown to damp SSR through linearized eigen value analysis. But it was not shown whether the signals are capable of damping torsional modes through time domain analysis.
Power System Stabilizers(PSS) have been used in Power Systems to damp the inertial modes of oscillations of turbinegenerators[ 101. h[ I I] generator speed based PSS has been used and it was shown that torsional oscillations are damped, but the disturbances considered are small. In[ 121, D. C. Lee et al. have proposed a new scheme for PSS, which uses deviation in generator speed and electrical power output of the generator as input signals. It was shown that the inherent disadvantages of using speed based stabilizers can be eliminated with this scheme. The coordinated scheme proposed in [SI, based on modal speeds, has been shown to damp the torsional oscillations effectively for small disturbances, however €or large disturbances the scheme can arrest only the growth of oscillations and satisfactory damping is not achieved.
Here in this paper a new simple concept is introduced with simultaneous operation of PSS and SVC. The SVC is at the midpoint of the transmission line. The PSS model that has been used is similar to the one presented in [ 121. The auxiliary signal used for the SVC is the angle deviation at the SVC bus and has been derived locally. As customary, to alleviate the damping, the measured signals are passed through torsional filters before they are input to the controller. The study has been canied out on the system considered in [9] , which is similar to IEEE FBM. This configuration has been taken because the results presented in this paper can be validated with that model as it has shunt compensation at the midpoint of the transmission line. The investigations carried out indicate that the proposed scheme can effectively arrest the growth of the oscillations under 11. SYSTEM MODEL A. Power System Description.
The network configuration that has been used for study purpose is given in Fig.1 . Figure 1 shows a steam turbine driven synchronous generator supplying power to an infinite bus through a long distance series compensated transmission line. A Fixed Capacitor -Thyristor Controlled Rectifier (FC-TCR) combination which works as Static Var Compensatory system is considered at the mid point of the transmission line. The total system model can be derived by clubbing the individual subsystem models, which are explained later. The mechanical system has been described using the 'multiresonant mass model' (all modes model)[ 121. This model is considered because it includes the effect of the zeroth mode and accounts for the coupling between different modes. Each major rotating element is modeled as a massless rotational spring with its stiffness expressed by a spring constant. Viscous damping of each mass and shaft is represented by a dash pot damping.
The equation of the i' mass of the n-mass rotating system is given by where M is Inertia constant, D is damping, K is spring constant, T, and T, are mechanical and electrical torque. Equations for all the masses can be written and can be linearized around the operating point, and are transformed to D-Q axis [9] , which is synchronously rotating reference frame. Synchronous machines can be modeled in varying degrees of complexity depending upon the purpose of the model and usage. The model reported in [9] has been used in this paper and is found to be suitable for torsional dynamic studies. The machine is split at the air gap which is its natural boundary. It includes a field winding and a damper winding on d axis and two damper windings on the q axis.
1). Stator Circuit model.
In this model, the stator of the synchronous generator is represented by a dependent current source (I, ) in parallel with the subtransient inductance L, ' [9] . This stator model is combined directly with the transmission network model which is explained later. D. Excitation System IEEE type 1 excitation system [14] has been used for studies. The system is based on dc rotating machine and is consistent with the model provided for the IEEE FBM. The terminal voltage of the generator is the input to the excitation system. In the literature generator speed deviation (conventional PSS) and modal speeds have been taken as input signals for the PSS. A small signal model is derived for the system and the Hephron-Philips constants will be found. From this the required gain and phase lead to make the speed signal to be in phase with the electric torque will be found. The output of the PSS has been added at the Vref summer of excitation model.
Here the improved model for the PSS [12] has been used and is given in the Fig.2 . The inputs to this model are generator speed deviation and the deviation in electrical power output of the synchronous machine. The equivaIent speed deviation is obtained from these input signals and is gain and phase adjusted. Parameters of the blocks G(s),Q(s) and K are given in appendix B. 
The outputs of the networks are generator terminal voltage, currents at the generator end and the voltage at the mid point, which are the inputs to exciter and SVC system respectively.
F. Static Var System
The SVC system considered is a combination of Fixed Capacitor (FC) and Thyristor Controlled Reactor(TCR). TCR provides continuous control of reactive power and in conjunction with the parallel FC. in terms of the total system state variables. The output of the control block will be AV,.
(14)
H. Overall System w.ritten as follows:
The ineterconnectivity between models can be expressed as
The state and output equations of overall system can be 
ANALYSIS METHODS AND RESULTS
A. Eigenvalue analysis
From the overall system transformation matrix AA obtained as above, the eigenvalues of the system can be found. The stability of the system can be estimated from the real parts of the eigenvalues. If they are positive they represent an unstable operating condition and the growth of oscillations. Table 1 . The eigen values have been obtained for the system in Fig. 1 , with generator generating 800 MW and the compensation level being 50%. From I A, it can be seen that few modes have positive real parts and this represents the case SSR being set in. In I1 A, SVC is incorporated at the midpoint of the transmission line, which performs only voltage control action. From I A and I1 A it can be seen that the damping of mode 0 has increased. Which confirms the fact that SVC can be used in the damping of mode 0. The measured signal (voltage) contains subsynchronous components and as it is fed at the summing point Vref, Fig. 3 . ,the reference voltage oscillates with subsynchronous frequency leading to instability. This has resulted in a unstable eigenvalue(one of the SVC modes) of the system with oscillating frequency of 287.0radsec. This instability is eliminated by the insertion of a torsional filter in the measurement loop, and the result is presented in I1 B, from which the improvement in the damping of mode 1 &o can be seen.
The resulting eigen values with the use of Line Current(LC) [9] , as auxiliary control signal are given in I1 C. LC controller improves the damping of mode 1 but the zeroth mode gets destabilized. The Computed Internal Frequency(CIF)[S)], as auxiliary signal has resulted in (I1 D), where it can be seen that damping of mode 1 gets worse. I1 E gives the eigenvalues with bus angle deviation as auxiliary stabilizing signal. It can be seen that all the modes negative real parts, but the damping of few torsional modes is still less.
Then PSS , with generator speed deviation signal as the input signal(conventionai PSS) has been operated simultaneously along with SVC. The result ,111 A, shows that a few modes have become unstable, which were oscillatory (I1 E)with SVC alone. This, once again shows that the generator speed based stabilizers actually undamp the system oscillations. The results of the proposed scheme are given in 111 B. Comparing IIE and I11 B shows that the simultaneous operation of SVC and PSS has improved the damping of all modes. change in mechanical torque. B. Time Domain Simulations Digital simulation studies have been carried out to check the validity of the results of eigenvalue studies and to test the efficacy of the proposed scheme with large disturbances. All the independent components of the system, as explained above have been modeled in PSCAD. The variables that have been plotted are: Aw -is the change in generated speed in p.u, AT(LPB-GEN) -the change in torque transmitted from the second Low pressure turbine to the Generator, P -is the electric power generated by the generator in p.u, Qc -is the reactive power supplied by the SVC at the mid point of the transmission line.
In PSCAD, simulation is started with generator as a voltage source and is ramped upto the required power and is switched to the generator-turbine setup. In the present simulations the ramping is done for 0.3 secs and switchover takes place at 1.1 seconds. Different compensation levels are considered in different cases so that the efficacy of the proposed scheme can be tested for different mode instabilities. Derivation of SVC bus angle in the PSCAD simulation is explained in appendix A. In Fig. 4 ., the generator is generating 0.9 p.u. of power with the line compensation being 85% . This case has been selected to show the mode 1 instability. The figure shows the growth of oscillations without controllers and the oscillations being damped out with the proposed scheme in operation. From Fig.4 , the time taken by the masses to settle (which is approximately 3 secs), when they are brought into operation can be seen, which is not present in the system without the proposed scheme in operation. This is because of the interaction of the controllers with the masses when they are initialized.
Case 2: Fig.5 , presents a the result of a case where 10% change in mechanical torque has been applied for 4 cycles at 7th second when masses have settled. The generator is generating 0.9 pu , and the compensation of the transmission line being 75%. It can be seen that the growth of oscillations is arrested though the complete damping is not achieved. Case 3: Here two, 3 phase faults have been considered. Fig.  6 . presents the results with fault inductance being 0.2075H , and Fig. 7 . with fault inductance 0.004H, which tune mode-3 and mode-2 respectively and make these modes unstable. The 3 phase fault has been created at 7th second. 
IV. CONCLUSIONS
In this study, unified operation of PSS and SVC at the midpoint of the transmission line for arresting the growth of SSR has been presented. The study has been carried out on modified IEEE FBM model, presented in [9] , using the eigen value analysis and the analytical results have been verified by time domain simulations. The conclusions can be summarized as: 1. Deviation in voltage angle of SVC bus as the auxiliary stabilizing signal damps the SSR better than existing stabilizing signals. 2. Simultaneous operation of SVC(with proposed auxiliary control signal) and conventional PSS destabilizes the system. 3. The proposed scheme arrests the growth of oscillations at critical compensation levels at small as well as large disturbances.
Further study has to be done to achieve complete damping and to improve the initial settling time that has been observed with the proposed scheme in operation. 
